In this paper, a novel approach is developed to design an isotropic suspension system using thick metal freestanding micro-structures combining bulk micro-machining with electroplating based on a HAR SU-8 mold. An omega-shape isotropic suspension system composed of circular curved beams that have free switching of imaginary boundary conditions is proposed. This novel isotropic suspension design is not affected by geometric dimensional parameters and always achieves matching stiffness along the principle axes of elasticity. Using the finite element method, the isotropic suspension system was compared with an S-shaped meandering suspension system. In order to realize the suggested isotropic suspension system, a cost-effective fabrication process using electroplating with the SU-8 mold was developed to avoid expensive equipment and materials such as deep reactive-ion etching (DRIE) or a silicon-on-insulator (SOI) wafer. The fabricated isotropic suspension system was verified by electromagnetic actuation experiments. Finally, a biaxial accelerometer with isotropic suspension system was realized and tested using a vibration generator system. The proposed isotropic suspension system and the modified surface micro-machining technique based on electroplating with an SU-8 mold can contribute towards minimizing the system size, simplifying the system configuration, reducing the system price of and facilitating mass production of various types of low-cost sensors and actuators.
Introduction
There are various types of suspension designs, e.g. a fixedfixed bridge, a folded beam, a crab-leg and a serpentine or meandering beam, which are used in most microelectromechanical systems (MEMS) devices such as the accelerometer and the gyroscope [1] . Among these, the folded beam has the highest compliance and has the capability to relieve stress in the beam by axial suspension or concentration [2] . Generally, for a single-axis device, a suspension that is compliant along the sensing direction and stiff along the orthogonal directions is highly desirable.
Various applications such as advanced automotive safety systems, mobile phones, virtual reality and robotics, however, increase the demand for low-cost and miniaturized sensors. One solution for fulfilling these requirements is a multiaxis MEMS sensor [3, 4] . A monolithic multi-axis sensor using an isotropic suspension system has the ability to meet the requirements of small volume, high reliability and low cost. Thus, the isotropic suspension system will fill the important role of minimizing system size, simplifying system configuration and reducing system price. There have been many research efforts toward a suspension with equal stiffness along the principle axes of elasticity, or isotropic suspension [5] . They have focused on numerical analysis of geometric design parameters using a strain energy method or finite element method [6] . However, the aim of our project is the development of an isotropic suspension system using a free switching of imaginary boundary conditions, which does not need geometric parameter design efforts to match the stiffness values. The free switching of imaginary boundary conditions comes from the geometric design shape of a suspension and is not affected by the various kinds of dimensional parameters of suspension. Therefore, this novel isotropic suspension design is not affected by the geometric dimensional parameters and always achieves matching stiffness value along the principle axes of elasticity. In order to realize the suggested isotropic suspension system, a cost-effective fabrication process using electroplating with the SU-8 mold was developed to avoid the need for expensive equipment and materials such as DRIE and a SOI wafer. The fabricated isotropic suspension system was verified by electromagnetic actuation experiments. Finally, a biaxial accelerometer with the isotropic suspension system was demonstrated using a vibration generator system. Figure 1 shows schematic views of the proposed suspension system.
Design of an isotropic stiffness suspension system
The suspension system consists of a proof mass suspended above the silicon substrate using four Sshaped or omega-shaped suspensions and four electrodes for capacitive sensing or electrostatic actuating. The proof-mass and anchored frames are interconnected by omega-shaped suspensions with 90
• increments. Table 1 shows the design parameters of the omega-shaped suspension and the electrode. This section develops an analytical model to estimate the stiffness of the suspension system. The results are verified using finite element modeling. Figure 2 shows the notation of a circular curved beam as the key component of the omega-shaped isotropic suspension system. Table 2 shows the material properties of an electroplated nickel to be used for the suspension system.
Mathematical modeling of a uniform circular beam
When the radial concentrated load W radial is applied to the end of the circular curved beam for α = 0, the radial and tangential displacements are derived as follows [7] :
Similarly, when the tangential concentrated load W tangential is applied to the end of the circular curved beam for α = 0, the radial and tangential displacements are derived as follows:
A finite element method is then used to confirm the analytically obtained results of the circular curved beam. Figure 3 shows the simulated results of a 270
• circular curved beam, which has a 15 µm width, a 50 µm thickness and a 200 µm radius under a unit load. Table 3 shows the comparisons of the analytical results and the simulated results for the circular curved beam under a unit load. The simulated results were in good agreement with the analytical results. As shown in figure 3 and table 3, the 270
• circular curved beam is about four times more compliant under the tangential load than under the radial load.
Free switching of imaginary boundary conditions
The 270
• circular curved beam is interposed in the middle of the suspension between the anchor and the proof mass with 30 µm radius 45
• (ψ c ) circular curved beams as shown in figure 1 . The ends of the 270
• circular curved beam are aligned to the two in-plane orthogonal axes. This alignment of the 270
• circular curved beam is very important for the isotropic stiffness along the two in-plane axes. The 45
• circular curved beams are about 300 times stiffer than the 270
• circular curved beam, which can be easily calculated by equations (1) and (2). These stiff 45
• circular curved beams give the free switching of imaginary boundary conditions to the 270
• circular curved beam. In motions along the two in-plane orthogonal axes, the 270
• circular curved beam can always have the high compliance deformation shape which is under tangential load by the switching of imaginary boundary conditions. In figure 4 , the triangle and the arrow mean the imaginary constraint and loading conditions to explain the deformed shape of the 270
• circular curved beam in the omegashaped suspension system. Because the 270
• circular curved beam is the most compliant part of the suspension system, the major deformation is originated in the 270
• circular curved beam. In addition, the 270
• circular curved beam is four times more compliant under the tangential load, so the deformation shapes always have the tangential loading mode as shown in figure 4 . Figure 4 shows the free switching of the imaginary boundary conditions of the 270
• circular curved beam in the relative displacement between the proof mass and the anchor. The deformation shape 1 in figure 4(a) is axisymmetric with the deformation shape 1 in figure 4(b) and the deformation shape 2 is axisymmetric with the deformation shape 2 . These axisymmetric deformation shapes by the free switching of the imaginary boundary conditions of the 270
• circular curved beam lead to the stiffness matching of the suspension system along the two in-plane orthogonal axes.
Analytical results using a finite element method
To verify the functionality of the free switching of imaginary boundary conditions, a finite element model for the suggested suspension system was constructed using the ABAQUS software package. The suspension and proof mass were modeled using three-dimensional solid elements (8-node brick element: C3D8), which have a 3 µm minimum size. Figure 5 (a) shows the in-plane mode shapes of the mirrorarrayed S-shaped suspension system from the normal mode dynamic analysis. These two mode shapes are exactly aligned to the two in-plane orthogonal axes. But the unsymmetrical deformation shapes of the meandering beam in the two mode shapes cause the difference between the x-axis stiffness and y-axis stiffness. This difference cannot be adjusted by the meandering beam design parameters such as the beam length, the beam width or the radius of the curved beam, etc. Table 4 shows that the difference of the two in-plane resonant frequencies is not reduced by the extended beam length. The arrows in figure 5(a) show the relative scale for the displacements of the proof mass under the same input load. If the S-shaped suspension system is employed to the biaxial accelerometer, then the large difference between the sensitivities of two in-plane axes cannot be avoided. Therefore, to design an isotropic stiffness suspension system, the deformed shapes of the suspension must be made exactly symmetric along the two in-plane orthogonal axes. Figure 5 (b) shows the in-plane mode shapes of the mirrorarrayed omega-shaped suspension system. The in-plane mode shapes are accurately aligned to the two in-plane orthogonal axes and the deformation shapes of suspension are exactly symmetric. Table 5 shows the mode shapes and resonant frequencies for various beam widths and radius of the circular curved beam. The two resonant frequencies of the in-plane (1) and (2) indicate that the in-plane stiffness is linearly proportional to the beam thickness and to the cubed beam width. Therefore, the out-of-plane stiffness matching can be easily achieved by adjusting the beam thickness or beam width. So a 3-axis stiffness-matched suspension system can be designed and applied to the multi-axis sensor or the actuator with an omega-shaped suspension system. Figure 6 shows a schematic diagram of the fabrication process of the isotropic suspension system using an electroplated thick metal with a HAR SU-8 mold. In the first step, a thin silicon membrane was formed by wet-etching with silicon nitride as the etch mask. In the next step, Ti/Cu/Ti metal layers were deposited using an E-beam evaporator to form an electroplating base. An SU-8 photoresist layer was spincoated and then patterned using the mold mask. The patterned HAR SU-8 structure served as an electroplating mold. Nickel was electroplated to fill in the SU-8 mold. For nickel electroplating, a sulphamate bath was used. The pH value of the solution was fixed at 5, the temperature at 55
Fabrication process using electroplated nickel structures with a HAR SU-8 mold
• C and the current density was maintained at 1.05 A dm −2 . After electroplating, the SU-8 mold was removed by SRGM SU-8 stripper and the seed layers (Ti/Cu/Ti) were etched by HF and ITO etchant. The thin membrane was then wet-etched away, resulting in a suspended movable structure.
By combining the electroplating process with a HAR SU-8 mold on a wet-etched thin membrane, a freestanding isotropic suspension system can be realized via a cost-effective process. This fabrication process can easily release large areas of a freestanding structure without a sacrificial layer.
Moreover, the released freestanding structure can have a movable range that is exponentially larger than that of the released structure using a sacrificial layer along the outof-plane direction. The fabricated thick metal freestanding micro-mechanical structure can be used with an out-of-plane directionally-sensitive micro-accelerometer or a multi-axis micro-stage that requires a large sensing and actuating range. Figure 7 shows SEM micrographs of the fabricated results at each process step. The fabricated devices were diced after the electroplating process. As shown in the figures, the fabricated device which has a suspension width of 15 µm and a capacitance gap of 15 µm was successfully produced without various types of failures such as remnants of the SU-8 mold, undesired deformation by residual stress or sticking of released freestanding structures.
Removal of the SU-8 electroplating mold
As a photoplastic material, SU-8 is chemically stable and resistant to most acids and other solvents. Consequently, it is difficult to remove once it is cross-linked. Suitable methods of stripping, though compatible with other materials in the structure, are often not effective or desirable to use with SU-8. Therefore, the difficulties associated with the removal, stripping or repatterning of polymerized SU-8 remain serious issues. Numerous research efforts have been made to remove fully cross-linked SU-8 using a range of chemical and physical methods [8] . In the present study, the SRGM stripper produced by Gersteltec Sàrl was used. This stripper is composed of methylene chloride, alcohol, phenol and formic acid. Figure 6 . Fabrication process for the isotropic suspension system using electroplated thick metal with a HAR SU-8 mold. Below the process temperature of 95
• C, an SU-8 mold 80 µm in height was created, and the electroplating was performed up to a thickness of 50 µm at an electroplating rate of 0.2 µm min −1 in order to minimize the residual stress. Before the SU-8 removal process, a low-temperature heat treatment (<−15
• C) was performed to induce intentional delamination of the SU-8 mold from the substrate along with the electroplated structures using the CTE mismatch between the nickel and the SU-8. The SU-8 mold removal process was then performed for 3 h using the SRGM stripper, and the residues of the stripper and the SU-8 were rinsed with methylene dichloride and isopropyl alcohol in the presence of a 25 kHz ultrasonic wave. 
Experimental details and results of an isotropic stiffness system

Electromagnetic actuation of a freestanding micro-structure
Nickel has ferromagnetic properties.
Therefore, an electroplated nickel structure can be easily actuated and controlled using electromagnetic force. Using electromagnetic actuation, the successful release of a freestanding micro-structure could be checked easily. Figure 8 shows the test setup for the stiffness measurement using the electromagnetic actuation. To make the magnetic field, we used the electromagnet holder. This electromagnet holder makes the denser magnetic field toward the center of it. The magnetic flux density was measured by gauss-meter and the displacement of the suspension system was captured by a CCD camera. Figure 9(a) shows the in-plane movements of an electroplated freestanding micro-structure with the Sshaped suspension system that was induced by a magnetic flux density of 396 G. As the previous simulated results of the S-shaped suspension system suggested, y-axis stiffness is approximately four times larger than x-axis stiffness, as shown in figure 9(b) . Figure 10 (a) presents the in-plane movements of an electroplated freestanding micro-structure with the omegashaped suspension system that was induced by a magnetic flux density of 244 G. These imply that the free switching of imaginary boundary conditions leads to the relative symmetric deformations of the omega-shaped suspensions. As a result, it is confirmed that the omega-shaped suspension system has exactly the same stiffness values along the two in-plane axes as shown in figure 10(b) . These experimental results of two types of suspension systems agree well with the simulation results shown in tables 4 and 5 for the suspension beam width of 15 µm.
The displacements of the isotropic suspension system have linear relationships with the magnetic flux density approximately up to a displacement of 10 µm. Over the linear displacement range, not only the movement of more than 15 µm but also the contact between the proof-mass and the electrode could be easily achieved along the two in-plane axes. This implies that the electromagnetic force enables the electroplated nickel structure to be actuated powerfully and controlled accurately in addition to the electrostatic actuation. With powerful electromagnetic actuation, the isotropic suspension system can be applied to a multi-axial micro-stage for a micro-optical system.
Biaxial accelerometer using an isotropic suspension system
The isotropic suspension system can be widely used for an inertial sensor such as a biaxial accelerometer or a gyroscope. Particularly for the gyroscope, the difference between the stiffness values along a driving axis and a sensing axis has a linear relationship with its error [9, 10] . Previous research for the biaxial or the multi-axis accelerometer was focused on assembling single-axis accelerometers along the orthogonal input axis [11] . However, a biaxial accelerometer could be realized by a single freestanding micro-structure with an isotropic suspension system. A biaxial accelerometer using an isotropic suspension system would offer many advantages such as a compact size and a cost reduction while eliminating the need for alignment or calibration. A biaxial accelerometer using an isotropic suspension system has been evaluated with a vibration generator system as shown in figure 11(a) . The vibration generator system is composed of a shaker, an amplifier and a function generator. The applied inplane acceleration was measured by orthogonally-arranged differential capacitors. Figure 11 (b) plots the linearity curves of a biaxial accelerometer with the isotropic suspension system along the two in-plane axes. The sensitivities of the two in-plane axes are about 0.2 mV g −1 and there is less than 10% difference without a calibration. There are many design flexibilities such as decreasing the capacitance gap, reducing the beam width or increasing the radius of the circular curved beam, which could improve the sensitivities of a biaxial accelerometer. Figure 11(c) shows the output signals to 50 Hz, 3 g sinusoidal acceleration and to over 20 g shock. To eliminate the high-frequency noise effect, the output signal is 100 Hz low-pass filtered. The filtered signal has a smoother curve but the asymmetric distortion is appeared. With a suspension beam width of 15 µm and a capacitance gap of 15 µm, the biaxial accelerometer can measure more than 100 g acceleration without a rebalance system.
Discussion and conclusion
In this study, a novel approach was developed to design an isotropic suspension system using thick metal freestanding micro-mechanical structures combining bulk micro-machining with electroplating, using a HAR SU-8 mold. An omega-shaped suspension system composed of circular curved beams that have free switching of imaginary boundary conditions makes it possible to have isotropic stiffness values along the two in-plane axes. Using the finite element method, the isotropic suspension system was compared with the S-shaped suspension system by which the stiffness matching cannot be achieved.
The process factors and methods for the removal of SU-8 were studied as the key techniques for the manufacture of thick metal micro-mechanical structures. Minimum linewidth plays a vital role in the capacitive and electrostatic systems as it increases the performance and capability levels of these systems. Based on the established SU-8 removal process, a freestanding isotropic suspension system was fabricated with a minimum suspension linewidth of 15 µm and a capacitance gap of 15 µm (total gap length 1.5 mm) without various types of failures such as remnants of the SU-8 mold, undesired deformation by residual stress and sticking of released freestanding structures.
The free in-plane movements of the two types of suspension systems were demonstrated by electromagnetic actuation. These experimental results verified the simulation results of the suspension systems. Moreover, they showed that the proposed omega-shaped suspension system has exactly the same stiffness values along the two in-plane orthogonal axes. Using an isotropic suspension system, a biaxial accelerometer could be realized by a single freestanding micro-structure. This device was tested with a vibration generator system. Its two axes sensitivities were 0.2 mV g −1 and had less than 10% difference.
The advantages of this approach include the following:
• A novel design for isotropic suspension can be widely used for an inertial sensor such as a biaxial accelerometer or a gyroscope.
• With powerful electromagnetic actuation, the Nielectroplated isotropic suspension system can be applied to a multi-axis micro-stage for a micro-optical system. • Simple and cost-effective electroplating processes were used without expensive equipment and materials such as DRIE and a SOI wafer.
• There is no need for additional processes involving a sacrificial layer to create a freestanding structure.
• Relatively large movable range of an over-hanging structure along the out-of-plane direction.
Thus, the proposed isotropic suspension system and the modified surface micro-machining technique based on electroplating with an SU-8 mold can contribute to the mass production of various types of low-cost sensors and actuators.
